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Abstract 
Brittle materials such as ceramics, glasses and oxide single crystals find increasing applications in advanced micro-engineering 
products. Machining small features in such materials represents a manufacturing challenge. Ultrasonic drilling constitutes a 
promising technique for realizing simple micro-holes of high diameter-to-depth ratio. The process involves impacting abrasive 
particles in suspension in a liquid slurry between tool and work piece. Among the process performance criteria, the drilling time 
(productivity) is one of the most important quantities to evaluate the suitability of the process for industrial applications.  
This paper summarizes recent results pertaining to the ultrasonic micro-drilling process obtained with a semi-industrial 3-axis 
machine. The work piece is vibrated at 40 kHz frequency with an amplitude of several micrometers. A voice-coil actuator and a 
control loop based on the drilling force impose the tool feed. In addition, the tool is rotated at a prescribed speed to improve the 
drilling speed as well as the hole geometry. Typically, a WC wire serves as tool to bore 100 μm and 200 μm diameter micro-holes 
of 300 to 1,000 μm depth in glass and ruby. The abrasive slurry contains B4C particles of 1 μm to 5 μm diameter in various 
concentrations.  
This paper discusses, on the basis of the experimental results for glass deep hole micro-machining, the influence of the hole 
diameter (100 or 200 μm), and the type of tool (wire or drill). The use of drills help to keep a higher mean drilling speed while the 
cylindrical wire tools provide a higher speed (twice) in the first 20% of the drilling depth. This study shows that the drilling speed 
in glass deep μicro-drilling is depending on depth and type of tool used. 
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1. Introduction 
Watchmaking industry, micro fluidic, optical 
applications motivate the manufacturing of features of 
several hundredths of μm to several tenths of μm in 
brittle materials. Ultrasonic machining is a promising 
technique for these applications [1]. In order to evaluate 
the capabilities of this technique as an industrial process, 
we started realizing mono axial geometries (micro-holes) 
in ceramics like glass and Ruby. The research work aims 
at, first, characterizing the micro-drilling process. 
Second, it aims at deriving a model from a dual 
experimental and theoretical approach. This model will 
then be used for optimizing the process parameters as 
well as defining the specifications of industrial machines 
using this ultrasonic process. 
The performance criteria are: precision of the 
geometry and MRR (Material Removal Rate). Although 
there exist analytical models describing the fracture 
modes [2] [3] and the machining process [4] [5], they 
were mostly developed for dimensions in the millimeter 
range or above. Their application to the case of drilling 
of micro holes set out in this paper produced results that 
weren't in accordance with our experimental data. Very 
recently, studies produced models for micro ultrasonic 
Available online at www.sciencedirect.com
© 2013 The Authors. Published by Elsevier B.V.
Selection and/or peer-review under responsibility of Professor Bert Lauwers
Open access under CC BY-NC-ND license. 
Open access under CC BY-NC-ND license. 
566   A. Schorderet et al. /  Procedia CIRP  6 ( 2013 )  565 – 570 
 
machining analysis and prediction [6] which should be 
correlated with our work. 
The process parameters are: ultrasonic frequency and 
amplitude, force amplitude, tool rotation speed, abrasive 
particles material and diameter, slurry concentration and 
liquid type as well as tool material and type (shape).  
A first part of our work [7] aimed at obtaining a first 
set of optimum process parameters. This set was then 
used as the standard parameters set. We considered only 
one single tool type : cylindrical tool, 200 μm diameter, 
material : WC. In this paper, we study the effect of new 
tool shape (twist drill) and new tool diameter (100 μm) 
on the machining process. We compare the MRR of WC 
wire tools of 200 and 100 μm diameter, and HSS twist 
drills of 200 and 100 μm diameter. In the twist drill case, 
we compare the behavior of flat and conical tips. 
2. Equipment and testing method 
2.1. Ultrasonic drilling machine. 
In ultrasonic drilling/machining, the material removal 
mechanism consists of microcracking the surface of the 
work piece by means of impacting hard particles and 
spalling off small pieces of material. The particles, in 
suspension in slurry trapped between a tool and the work 
piece (Figure 1), are accelerated against the work piece 
by vibrating at ultrasonic frequencies, either the work 
piece or the tool. 
  
Fig. 1. Material removal process 
We have implemented this shaping process by vibrating 
the work piece at 40 kHz in a specially designed 
laboratory system with three-and-a-half Cartesian axes 
(Figure 2). The axis moving the tool has two parts: one 
for coarse motions (Z) and one for precisely controlled 
motions (z). We use the system to evaluate the effect on 
the material removal rate of the process parameters.   
In this paper, we will focus on the tool size and shape 
influence on the process efficiency (MRR). 
 
Axial positioning of the tool combines the ratcheting 
action of the Z and z axes , with the z axes moving to the 
end of its range then retracting and the Z axis kicking in 
to reposition the tool at the last point reached by the z-
axis before retracting. The Z position is determined by a 
standard commercial axis control system. z-position is 
controlled by a custom-designed controller described in 
[8]. The X and Y axes are controlled in the same way as 
the Z axis. 
The penetration of the tool into the work piece is 
controlled in such a way as to maintain the tool work 
piece interaction force constant. The force is measured 
and the z-axis is moved by means of a single voice-coil. 
 
 
 
  
Fig. 2. (a) 31/2 axes micro-drilling machine; (b) tool-holder, tool and 
work-piece (substrate). 
2.2. Testing method and conditions 
In order to evaluate the effect of each process 
parameter on the MRR criterion, a standard test 
procedure was defined. In this paper, we will consider 
the micro-drilling of 1000 μm depth holes, with 200 μm 
and 100 μm diameter tools made of Tungsten Carbide 
(WC), or HSS twist drills with conical and flat tip 
(modification). Before each test, the tool tip is reshaped. 
Boron Carbide (B4C) grits are used (5 μm). 
Concentration of slurry is 10%. 
Ultrasonic vibrations are used : frequency is 40 kHz 
with 3.1 μm^ (peak) amplitude. Process control force is 
set to 45 mN and tool rotation is set to 50 rpm. 
Holes geometry is studied considering the following 
parameters: circularity and edge at hole entry, machined 
surface qualitative characterization are evaluated using a 
microscope while cylindricity is evaluated using 
transparency for the glass substrates. At this stage, only 
circularity and cylindricity are quantitatively assessed. 
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2.3. Drilling sequence 
The drilling process is realized as follows :  
1. Tool-work piece contact Z position is detected 
using the axial force signal 
2. Tool retracts and ultrasonic vibrations are started 
3. Z axis is set to a position near to contact position 
4. z axis starts drilling from its position zero, 
controlled by force signal 
5. when z axis reaches 300 μm, it retracts to position 
zero, Z axis moves 300 μm deep to reach previous 
position 
operations 4 and 5 are repeated until 6 
6. Depth target is reached 
7. Tool-work piece contact Z position is detected 
using the axial force signal 
Operations 1 and 7 are used to define the tool wear. A 
typical drilling process is shown in fig. 3 
 
 
 
Fig. 3. (a) Tool movement and (b) axial force during a standard drill. 
2.4. Data analysis 
The micro-drilling tests data are analysed as follows : 
• The tool wear Tw [μm] is measured by 
realizing a substrate surface touch with the tool 
axis before and after drilling. The touch events 
are detected by means of the force sensor 
signal.  
• The measured Dm [μm] and effective De drilling 
depth are computed from the recorded Z and z-
axis positions and from the surface position. Dm 
is the drilling depth measured with the Z and z- 
axis (position of the tool holder). The effective 
drilling depth is taking into account the tool 
wear : De = Dm – Tw. 
• The average drilling time ta and va speed are 
computed for the complete drilling. The net 
speed vn is defined as the effective drilling 
depth divided by the drilling time (without 
approach and retract movement of tool). 
• Instantaneous speed v(t) is computed from the 
movement curve. Initial speed vi is evaluated at 
the drilling start while va asymptotic speeds is 
evaluated in the stabilized zone. 
• ANOVA test is used for comparing data sets. 
Net drilling speed vn is directly related to MRR by 
considering the drilled hole Db (which is depending on 
the tool diameter and the kinematic run-out) : 
4
2
b
n
D
vMRR Π=  (1) 
3. Results 
3.1. Drilling speed decrease 
The use of WC cylindrical tools for ultrasonic micro-
drilling of ceramics was decided because they were 
available for the project and also because the hardness of 
WC was a priori suited to this new process. A first 
design of experiment was realized using WC cylindrical 
tools [7]. All the tests showed a typical v(t) speed curve 
which witnessed a decrease in speed from the drilling 
start to its end (fig. 4). This behavior was studied by Yu 
et al [3], but not in the case of a constant and controlled 
axial force. 
The drilling speed decreases dramatically from 
45.4 μm/s (initial speed) to 5.8 μm/s (asymptotic speed). 
The corresponding average net speed is 8.63 μm/s. The 
fall in speed arises at about 200 μm depth in the case 
shown. This value is not constant for all the tests; it 
depends on the debris accumulation in the process zone. 
The average value of the speed drop depth is around 
300 μm. 
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Fig. 4. D200 μm Cylindrical Tool, run-out 14 μm 
(a) Drilling speed decrease from start to end of micro-drill 
(b) Zoom in the speed transition zone 
3.2. Tool type 
The speed drop is mainly related to the accumulation 
of debris. This phenomenon was studied in [9]. We 
present here one of the various solutions tested for 
improving the debris extraction and so the average 
drilling speed. HSS twist drill tools were tested in two 
versions, standard with conical tip and with a modified 
flat tip. 
Fig. 5 shows a comparison of the drilling speed 
profiles for the cylindrical wire and the twist drill. First, 
one notices that the speed profiles are quite different : 
the twist drill provides a more constant speed va along 
the whole drilling depth. One observes an almost linear 
z(t) curve (va = dz(t)/dt, the slope of the curve). The 
cylindrical tool shows a characteristic decreasing speed, 
with an asymptotic trend at the end of the micro-drilling. 
Second, the slope of the twist drill curve is much lower 
than cylindrical tool one at the drill start. The case is 
reversed for the second part of the drilling. At the end, 
the average speed is almost the same for the two tool 
types. 
 
 
 
Fig. 5. D200um, run-out 14μm 
(a) wire drill, tool position vs time (blue curve) 
(b) HSS twist drill, tool position vs time (red curve) 
Table 1 compares the net speeds in the different 
phases of the process for the two drilling types. The 
largest difference appears at the start : the cylindrical 
wire tool provides a vn which is 5.6 times higher than the 
twist drill one. This is probably due to the largest wire 
tool processing area. During all the second part of the 
process, the twist drill shows a higher vn. This process 
improvement is due to the debris extraction capability of 
the twist tool. We explain this phenomenon as follows. 
In the process, the debris are produced at the tool-
substrate interface. With the cylindrical wire, the 
kinematics of the tool is defined by the slow rotation of 
the tool about its axis, with a typical 14 μm run out, and 
a high frequency oscillation (40 kHz, 4 μm) in the Z 
direction. The run out creates a clearance (slightly > 
14 μm) between the tool and the drilled hole. The tool 
kinematics doesn't produce a fluid flow from the tool tip 
to the substrate surface through the clearance. Therefore, 
the debris accumulate in the machining zone and form a 
growing layer. This layer finally acts as a damping 
cushion which reduces the ultrasonic vibration energy 
available for the material removal process. With the 
twist drill, the twisted gouges generate fluid flows which 
extract debris from the machining area to the substrate 
surface. This phenomenon avoids the growing of the 
debris layer and keeps the process efficiency at a 
constant level. 
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Table 1. Comparison of net speeds for wire and twist tool (1 single 
drilling test is shown in Fig. 5) 
D200  μm, 14 μm run-out vn 
μm/s 
WC wire, start 45.43 
WC wire, intermediate 11.86 
WC wire, asymptotic 5.83 
WC wire, average 7.85 
HSS twist conical tip, p1 9.53 
HSS twist conical tip, p2 8.95 
HSS twist conical tip, p3 7.20 
HSS twist conical tip, p4 4.23 
HSS twist conical, average 7.69 
We realized 5 identical tests for each tool type. The 
average net speeds were compared to evaluate the 
drilling performance of the tools. Table 2 synthesizes the 
results obtained with 3 types of D200 μm diameter tool. 
One observes that the twist drills, with conical and flat 
tip produce higher average net speeds than the wire tool 
one. The conical tip increases the speed by only 11%, 
while the flat tip improves it by almost 70%. One can 
explain this difference by the tip contact surface 
orientation. The conical tip has a 118° angle, thus the 
tool-substrate contact area normal direction shows a 31° 
angle with the ultrasonic vibration axis. The flat tip 
normal direction is collinear with the vibration direction. 
Therefore, the efficiency of the tip area for the 
transmission of shock energy to the substrate is higher 
and the MRR provided by the flat tip tool is higher. 
Table 2. Comparison of average net speeds for 3 types of tools 
D200  μm, 14 μm run-out vn 
μm/s 
WC wire 7.9 
HSS twist conical tip 8.8 
HSS twist with flat tip 13.3 
 
The material hardness of both substrate and tool 
influence the MRR. We evaluated the influence of the 
tool hardness on the drilling speed (substrate is kept the 
same). Table 3 shows that, for D200 μm cylindrical 
tools, HSS material provides the lowest speed. Thus, the 
results shown in Table 1 would be changed if tools of 
same material were used, but the trend would be the 
same. It could even be increased. 
 
 
 
 
 
Table 3. Comparison of average net speeds for 3 types of tool 
materials. 
D200  μm, wire, 14 μm run-out vn 
μm/s 
WC (1550 HV) 0.45 
HSS (720-1000 HV) 0.36 
Stainless steel (170-520 HV) 0.85 
 
3.3. Tool diameter 
The studied ultrasonic process aimed at drilling holes 
from 50 μm to 300 μm diameter. The standard case is 
based on the 200 μm diameter WC wire tool. We 
realized smaller holes with 100 μm diameter tools. The 
process parameters (vibration amplitude, static force, 
grits size and slurry concentration) were not optimized 
for the 100 μm wire tool or twist drill. They were kept 
the same as for the 200 μm diameter wire. Table 4 
summarizes the obtained net average drilling speeds for 
these two diameters with wire and twist drill. The results 
show that the drilling speeds are similar for 100 and 200 
μm diameters. Considering the latter as the reference, 
one observes in table 5 more speed reduction for the 
wire than for the drill tool : -32.9% compared to -7.5%. 
The MRR shows in both cases a similar 
reduction around -80%. 
Table 4. Comparison of average net speeds for 2 diameters 
Test parameters vn 
μm/s 
MRR 
mm3/min 
D200, WC wire, 14 μm run-out 7.9 .0149 
D100, WC wire, 14 μm run-out 5.3 .0025 
D200, HSS drill with flat tip, 
15 μm run-out 
13.3 .0251 
D100, HSS drill with flat tip, 
0 μm run-out 
12.3 .0058 
Table 5. Comparison of average net speeds relative differences 
Test parameters εv 
% 
εMRR 
% 
D200, WC wire, 14 μm run-out - - 
D100, WC wire, 14 μm run-out -32.9 -83.2 
D200, HSS drill with flat tip, 
15 μm run-out 
-  
D100, HSS drill with flat tip, 
0 μm run-out 
-7.5% -76.9 
 
During the 100 μm diameter tests, some tests failed due 
to tool breakage. This phenomenon should be avoided 
by the use of the force control strategy. However, the 
tests were conducted with the process parameters values 
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which had been optimized for the 200 μm diameter 
tools. We therefore suspect that the static force should be 
modified for the smaller diameters. 
 
4. Conclusion 
We described an ultrasonic process for drilling micro 
holes in ceramics. This process was studied 
experimentally to evaluate the tool type influence on 
productivity (MRR). The net machining speed was 
evaluated for a wire tool and a twist drill with two 
different diameters (100 and 200 μm). 
The results showed that the use of drilling tools with 
twisted gouges help to drill deep holes with a more 
constant speed. The twisted gouges of a rotating tool 
produce a flow in the slurry, from the machining zone up 
to the substrate's surface. This flow extracts the debris 
from the machining zone and keeps the debris layer 
more constant. Thus, twist drills provide a much more 
constant speed along the hole depth. 
With cylindrical WC tools, the speed obtained at the 
start of the drilling is almost 6 times higher than the 
average drilling speed. It could not be reached by the 
twist drill. This speed difference is probably due to the 
tool impact surface which is much smaller in the twist 
drill case. Therefore, the optimization of the tool impact 
surface and the gouges shape could provide a mean to 
reach higher average drilling speeds. 
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